Two new types of towing docking device for automated recovery of an autonomous underwater vehicle (AUV) from an unmanned surface vehicle (USV) are described. One type is the form of the stable wing, and the other is the form of the captured-rod. On the basis of the current towing stable wing, two tail rudders have been added to the tail of the stable wing and the docking device's posture can be changed by adjusting the two tail rudders. For the captured-rod docking device, a V-type capture mechanism needs to be installed at the front of a AUV. Firstly, the mechanical structure of the two towing docking devices is introduced, and the mechanical analysis are analyzed. Then, for the stable wing, the steady-state numerical simulations under different working conditions are carried out, and dynamic numerical simulations are also carried out when the docking device is towed by a USV. Besides, the collision process between the AUV and the captured-rod is also simulated. Finally, the stable wing towing docking device is being implemented and tested on a USV.
INTRODUCTION
In recent years, due to its small size, low cost, low energy consumption, good concealment, flexibility, and good portablity, AUV has received unprecedented attention and development as one of the important means for human exploration of the ocean. At present, it is widely used in marine science investigations and military fields such as underwater target detection and seabed detection [1] [2] [3] [4] . Usually, autonomous voyages, carried by submarines, surface vessels or aircrafts are the four ways in which AUVs can enter combat areas to perform missions. Among them, surface vessels are currently the most commonly used method. Generally, the recovery process is more difficult than the launch process [5] . The recovery process is currently mainly supported by manned ships and manpower, which exits two major disadvantages: 1) high operating costs and high staff risk; 2) low efficiency. With the development of technologies such as communication and artificial intelligence, many technical bottlenecks restricting the development of USV have been partially solved, so the USV technology has developed explosively [6] [7] . Moreover, both research institutes and commercial companies have invested a high degree of enthusiasm in the research and product development of USV technology. Recently, people have a strong interest in the mutual support and mutual cooperation technologies between platforms.
Using a USV to independently recover AUVs has lots of advantages: 1) can work all day, greatly improving work efficiency; 2) recover AUVs in some hazardous areas or shallow water areas where submarines and large ships cannot reach, avoiding personal threats; 3) recover multiple AUVs task in the clustered collaboration. Therefore, many research institutions and companies are studying the related technologies of USV self-recovering AUVs, for example: Edoardo I. S used a catamaran USV to recover REMUS100 AUV through a thin line with a depressor wing from a winch on the USV [8] ; Advanced Technology & Research Corporation made two schemes, all of which are towed from a single boat [9] . ECA group just developed and provided a USV self-recovering AUVs system, which is also a kind of underwater towing recycling method and can complete the recycling of AUV, towed sonar and other equipment[10]; By analyzing the current development status of USV self-recovering AUVs, the recycling method is mainly based on the underwater towing method, that is, USV uses one cable or captured-rod to tow docking device to sail underwater, and then AUV completes the docking process with the docking device. Finally, USV completes the lifting and recovery of docking device and AUV. Although many research institutes and universities have completed the development of such towing recycling systems and related tests, there is no relevant literature to introduce the details. In addition, most of the towing recycling systems currently used are completely passive systems, that is, they have no adjustment capability. In order to improve their performance, based on the current towing recovery device, two new types of underwater towing recovery device are introduced in this paper, one type is the form of the stable wing, and the other is the form of the captured-rod. The mechanical structure of the two towing devices is introduced firstly, and the mechanical analysis of each component is carried out. Then the steady-state numerical simulations and dynamic numerical simulations under different working conditions are carried out. For the captured-rod docking method, the collision process between the AUV and the captured-rod is also simulated. Finally, the stable wing was tested and verified.
II. MECHANICAL DESIGN
From Section 1, the current system for USV self-recovering AUVs is mainly based on underwater towing. For the stable wing towing device, it consists of three parts: USV, cable and docking device, as shown in Fig. 1 . However, the traditional towing docking device is usually a passive towing system and can not actively adjust its own sailing posture. In order to improve the maneuverability of the docking device itself, two rudders are added for fine-tuning the posture of the docking device during the towing process, as shown in Fig. 2 . The docking device is mainly composed of one stable wing, one controller, two rudders, two motors, one towing plate, one posture sensor, a pressure sensor and so on. The docking device is mainly composed of one stable wing, one controller, two rudders, two motors, one towing plate, one posture sensor, a pressure sensor and so on. The function of the stable wing is mainly to enhance the stability of the system and to make cable stretched. According to the information provided by the pressure sensor and the posture sensor, the controller adjusts the docking device's posture by adjusting the rudders through two motors. The towing board can provide different towing points for the cable. The posture sensor and the pressure sensor are for acquiring posture information and depth information of the docking device. The relevant parameter of the docking device is shown in Table 1 . For the captured-rod towing device, its mechanical structure is relatively simple, as shown in Fig.3 . However, the complex capture mechanisms need to be installed on the AUV. The AUV completes underwater docking with the capturedrod through the front V-shaped capture device, and the captured-rod shrinks to complete the recovery of the AUV. 
III. MECHANICAL ANALYSIS
The towing docking device moves under the traction of the USV, and its mechanical properties are important for its own stability. Through mechanical analysis, the dynamic equations can be derived and the mechanical properties of the system can be explored [11] . The following is the mechanics and motion analysis of each component in the recovery system.
A. Force analysis of the towing system
The towing system consists of docking device and cable. Because both of them are in the water, they are all subject to hydrodynamics, buoyancy, and gravity. During the towing process, the cable may exhibit three different states due to its own characteristics and different external factors, as shown in Fig. 4 . The red and blue lines indicate that the cable is in a slack state and the green line indicates that the cable is in a tight state. When the cable's drag is less than the difference between its gravity and buoyancy, the cable will be in the blue line state. When the cable's drag is greater than the difference between its gravity and buoyancy, the cable will be in the red line state. Since the stable wing provides a large downforce during the towing process, in most cases the cable is in a tight state, that is, in a green line state.
According to the balance theorem of force, we can obtain the force relationship, z-direction:
(1)
x-direction:
Note: D, L, B, G represent drag, lift, buoyancy, and gravity, respectively. U, C, and D which are subscript, represent the force of USV, cable, and docking device, respectively. 
B. Force and motion analysis of the stable wing
The mechanical properties of the docking device play a very important role in the recycling process. The towing system will be more stable during the sailing process only if the docking device has good dynamic characteristics, which will improve the success rate of USV self-recovering AUVs. Since the dynamics of the docking device is mainly determined by the stable wing, so the mechanical analysis and motion analysis of the stable wing are performed below. Usually, in order to keep the cable in tension, the stable wing will sail at a positive attack angle during the towing process. When the attack angle is α, the force analysis diagram of the stable wing is shown in Fig. 5 . Where, point B is the center of buoyancy, point G is the center of gravity, point O is the towing point, point F is the hydrodynamic center.
Normally, these points do not coincide with each other. The distance from point G to the towing force line is S, the vertical distance between point F and point G is l1, the horizontal distance is l2, h is the distance between point G and point B, h is usually called steady height. FT is the towing force, GD is the gravity, BD is the buoyancy, θ is the angle between the towing force and the x-axis direction of the stable wing. When point F is behind point G, stable wing is statically stable [12] . 
C. Force analysis of the cable
Since the stable wing is connected to USV by the cable, so the cable's mechanical properties will have an effect on the stable wing. The following is a brief introduction to the force analysis of the cable. Because the cable has a certain flexibility, it is easily interfered by external factors, so it will be deformed during the towing process, and the attack angle will also be generated. At this time, the lift and drag per unit length of the cable are shown in Fig.6 , together with the local velocity vector of the cable, and the angles α, γ, δ. The hydrodynamic forces acting on the cable in the x and z directions at this moment are:
According to the geometric relationship, we can get the following formulas:
D. Force analysis of the captured-rod
For the captured-rod towing docking device, the captured-rod will face interference from its own drag and external factors, and this will inevitably cause certain torque on the USV. However, compared with the USV, the capturedrod is small, so its influence on the USV can be ignored.
During the recovery process, a captured-rod has two force statuses (collision and no-collision). Before collision, the captured-rod moves at a fixed velocity under the action of the USV and is only under the action of its own drag which can be regarded as a uniform load. At this time, the shear force and bending moment on the captured-rod is shown in Fig.7(a) . When the AUV collides with the captured-rod, the capturedrod will be affected by the collision force which can be regarded as a concentrated force. The shear force and bending moment on the captured-rod at this moment is shown in Fig.7(b) . Hydrodynamic performance is the key technology index of underwater moving objects, and it is of great significance for hydrodynamic calculation especially in the overall design stage. Along with the continuous improvement of computer and the rapid development of computational fluid dynamics, numerical simulation method becomes the effective means of hydrodynamic performance because of its short-cycle and lowcost. The hydrodynamic numerical simulations simulated by the CFD numerical software Star-CCM [13] are shown below, including the steady hydrodynamic characteristics of stable wing at different velocities and at different attack angles, its dynamic hydrodynamic characteristics when it is towed by a USV through the cable under different states, and the collision process between the AUV and the captured-rod.
A. Steady hydrodynamic analysis of stable wing
During the voyage, the stable wing will eventually reach a stable equilibrium under various forces. Therefore, it is necessary to analyze the dynamic characteristics of the final equilibrium state. As shown in Fig.8 , the domain is a hexahedron computational domain, its size is 22m × 9m × 9m(L×W×H). In the domain parameter settings, the surface of stable wing is set to a non-slip wall, the front end of the domain is set as velocity inlet, and the rear end is set as the pressure outlet, and the onter surfaces is set as the slip wall.
First, the grid independence is verified, and the k-e model is used for simulations [14] . In order to improve the simulation efficiency under the premise of ensuring the calculation accuracy, the gridindependence has been verified, and we finally selected the based size of 0.45m.The meshing of the stable wing is shown in Fig. 9 . As shown in Fig.10 , under the same attack angle, the drag on stable wing increases concurrently with the velocity, which is also consistent with the hydrodynamic theory. Similarly, the stable wing's drag also increases correspondingly with the increase of the attack angle. When the attack angle increases, it means that the reference area S will increase. According to the empirical formula, so the drag will be correspondingly larger. From Fig.10 , we can see that when the attack angle is 3° or 0°, the stable wing's drag is very close. It is also a similar situation when the attack angle is -3° or 6°, -6° or 9°, -9° or 12°. This means that when the velocity is the same, the drag on stable wing at a negative attack angle is greater than that at the corresponding positive attack angle. And the larger the attack angle, the more obvious the drag increases with the velocity will be. When the stable wing sails at different velocities and at different attack angles, the curve of its lift is shown in Fig. 11 .
Similar to the change in drag, the lift on the stable wing increases as the velocity increases, and it varies greatly as attack angle fluctuates. However, since the stable wing is not symmetrical about the horizontal plane, even if the positive and negative attack angles are the same, the magnitude of the lift is different.
When the attack angle is 0, the lift on the stable wing is negative, which is good for the docking device's stability. Similar to the drag, the lift on the stable wing at the negative attack angle is greater than that at the corresponding positive attack angle. In addition, the lift on stable wing is also related to its shape. 
B. Dynamic hydrodynamic analysis of towing system
The above is the steady-state dynamics analysis of the individual stable wing, focusing on the steady mechanical properties of the stable wing itself. The actual process is that the stable wing moves under the tow of the cable and belongs to a dynamic process. In order to obtain its dynamic characteristics, the following is a dynamic simulation analysis of the stable wing in the towing process. After all the simulation parameters are set, the display effect of the twophase flow in the domain is shown in Fig. 12 . USV sails on the water surface, the above is air, and the below is water. In numerical simulation, a translational motion is applied to the overall domain with a value of 1 m/s. The docking device is added with a DFBI rotation and translational motion, releasing its three degrees of freedom in the vertical plane, namely surge, heave and pitch. The k-e turbulence model and the VOF multiphase flow model are used in the numerical simulation. The cable's length is 5m. In order to analyze the docking device after the flow field property is stable, the towing system is released with 3 degrees of freedom from 0.5s. In the numerical simulation, the simulation time is T=30 s, the time step is Δt=0.02 s, and the initial depth of the docking device is set to 2m. In this simulation process, the rudder angle is not changed. When the velocity of the docking device is 1m/s, the relationship between the depth, velocity, attack angle and drag of the docking device as a function of time is shown in Fig. 13 . From the simulation data, when USV tows the docking device at 1 m/s, after 7 seconds, the docking device entered the stable state. Fig. 13 (a) shows the relationship of depth with time. At 0-0.5 s, since the docking device is not released the freedom, its depth value does not change. After 0.5s, the stable wing starts to move under the towing of USV, and the depth is gradually increased by the action of its own downward pressure. When it reaches about 7s, the depth information is basically stable at about 1.2m. Fig. 13 (b) shows the horizontal velocity of the docking device as a function of time. At 0-0.8s, the velocity increases rapidly, 0.8-5s, the velocity gradually decreases, and there is fluctuation. Finally, the velocity is basically stable to 1 m/s. Fig.13 (c) shows the change in the attack angle of the docking device over time. Similarly, since the docking device is not released the freedom at 0-0.5s, its posture does not change during this period. At 0.5-2.2s, the attack angle of the stable wing is gradually increased, and the downward pressure is gradually increased. Therefore, the depth gradually becomes larger (Fig. 13a) . At 2.2s-5s, the attack angle of the stable wing is gradually reduced, and the downforce is also gradually reduced, so the depth is reduced during this period, which is verified in Fig. 13(a) and Fig. 13(c) . Fig. 13 (d) shows the docking device's drag as a function of time. At 0-2.2s, the drag gradually increases, which is due to the synchronous increase of the attack angle during this period. At 2.2s-5s, the attack angle becomes smaller, so the drag is correspondingly smaller, Finally, when the docking device reaches the stable sailing state, its drag is about 30N.
According to the above analysis, from the initial stage to the stable stage, the sailing depth, horizontal velocity, attack angle and drag of docking device change from time to time, but will eventually converge to a fixed value, and the docking device reaches a new equilibrium state. On the other hand, it is also stated that the docking device has a certain stability under the towing of the cable. 
C. Rudder's effect on the stable wing
The biggest difference between the towing docking device designed in this paper and the traditional towing docking device is the automatic adjustment capability, that is, adding two rudders on the stable wing. The following is the analysis of the rudder's effect on the hydrodynamic characteristics of the stable wing. Fig. 14 is the result of the stable wing in a dynamic simulation environment, that is, the curve corresponding to the depth, attack angle, downforce and drag of the stable wing when the rudder angle is 10°, 15°, 20°, 25°, 30°, 40°, respectively. As can be seen from Fig. 14 (a) , as the rudder angle increases, the sailing depth of the stable wing gradually increases. This is similar to the mechanism in which AUVs use the tail rudders to dive. When the rudder angle increases, the stable wing will produce a downward tilt, and the attack angle and the downforce of the stable wing will increase accordingly, as shown in Fig. 14(b) and Fig. 14(c) . Therefore, the sailing depth increases as the rudder angle increases. Similarly, as the rudder angle increases, the attack angle of the docking device increases accordingly, and the corresponding projected area of the docking device in the moving direction also increases, so the drag also increases as the attack angle increases, as shown in Fig.14(d) . Fig.15 is a pressure contour of calculation domain and the stable posture of the stable wing. With the increase of rudder angle, the attack angle of the stable wing will increase correspondingly after the stable wing sails steadily. (e) (f) Fig. 15 The relationship between the docking device's pitch angle and the rudder angle (v=1m/s)
D. Collision process between the AUV and the captured-rod
When using the captured-rod recovery method, the AUV inevitably collides with the captured-rod. The following is an analysis of the collision process between a Remus100 and the captured-rod under different working conditions. In the collision simulation process, the properties of the contact surface material are set according to the properties of ordinary steel.
When Remus100's velocity is 0.5m/s, the pressure cloud diagram of the collision process is shown in Fig.16 . When Remus100 gradually closes to the captured-rod, the pressure of the flow field near Remus100's front is the largest, as shown in Fig.16(a) . When Remus100 collides with the captured-rod, the Remus100's velocity becomes 0m/s. Therefore, the pressure at Remus100's front end will drop immediately, as shown in Fig.16(b) . After the collision, Remus100 will retreat under the action of the collision force. Therefore, high pressure will appear at the end of Remus100, and the pressure at Remus100's front end will decrease, as shown in Fig.16(c) . Fig. 16 The pressure cloud diagram of a Remus 100 colliding with the captured-rod at 0.5m/s When Remus100's velocity is 0.5m/s, the variation of the collision force and the Remus100's lateral and vertical forces during the collision process is shown in Fig.17 . Before the collision, the collision force is 0N, and due to Remus100's circular axis symmetrical shape, its lateral and vertical forces are basically 0N. When the distance between the Remus100 and the captured-rod is less than a certain value, the Remus100's lateral and vertical forces begin to fluctuate. When the collision occurs, the collision force will abruptly change. At the same time, Remus100's lateral and vertical forces also undergo large fluctuations. After the collision is completed, the collision force becomes 0N again, and the fluctuation range of the Remus100's lateral and vertical forces will also be significantly reduced. When the Remus100 collides with the captured-rod at 0.5m/s, the collision force is 30247N, the Remus100's lateral and vertical force fluctuation ranges are -2.5N～2.8N and -11N～11N, respectively. In order to verify the towing docking device's characteristics, a portable USV was used to tow the stable wing for testing its characteristics in June 2018, as shown in Fig.18 .
The tests mainly focus on the characteristics and its stability of the stable wing towing docking device. The initial phase and transition phase are shown in Fig. 19(a) and Fig. 19(b) . When the stable wing sails at different velocities, its sailing depth curve is shown in Fig.20 . The sailing depth values measured by the pressure sensor are not the same under different velocities, and it decreases as the velocity increases. When the velocity is 0.5m/s, the depth value of the docking device is about 3.7m. When the velocity is 0.75m/s, the depth values is about 2.8m, which shows that the sailing depth is related to the velocity and varies significantly with the velocity. The variation of the pitch angle of the docking device at different velocities is shown in Fig.21 . When the velocity is 0.5m/s, the pitch angle is about 27°; When the velocity is 0.75m/s, the pitch angle is about 24°, which shows that the pitch angle decreases as the velocity increases. When the velocity increases, the towing force will also increase, and this will cause the cable to tighten tighter, since the towing point is located at the front end of the docking device, so the pitch angle of the docking device becomes smaller. 
VI. CONCLUSION
Based on the current underwater towing docking device, two new types of underwater towing device are designed in this paper. One type is the stable wing, which can actively change its sailing posture through two added rudders. The other is captured-rod. Firstly, the structure of the docking device is introduced, and the mechanical analysis are carried out. Then, the steady simulations and dynamic simulations are studied under different working conditions. Finally, the stable wing towing docking device designed in this paper is tested and verified. Through simulations and tests, the following conclusions can be obtained: 1) The stable wing towing docking device designed in this paper has certain stability during the sailing process, which indicates that it is feasible for a USV to use the towing docking device to recover an AUV; 2) The sailing depth and posture (pitch and roll)of the docking device are related to its velocity. When two tail rudders are installed on the docking device, the posture of the docking device can be effectively changed; 3) For the captured-rod docking device, when Remus100 is far away from the docking device, the collision force is 0N, and its lateral and vertical forces are basically 0N. When the distance between the Remus100 and the captured-rod is less than a certain value, the Remus100's lateral and vertical forces begin to fluctuate. When the collision occurs, the collision force will abruptly change, and Remus100's lateral and vertical forces also undergo large fluctuations. After the collision is completed, the collision force and the fluctuation range of the Remus100's lateral and vertical forces will also be significantly reduced.
